N owadays, cranioplasty is used worldwide in all neurosurgical departments. The success of implantation depends on a variety of factors, such as the size and location of cranioplasty, as well as the patient's condition, the material used, and the implantation time. 1, 9, 30 A range of studies has targeted these parameters retrospectively. 3, 19 All studies have shown that complications occur much more often than generally assumed. In the worst cases, the consequences range from infections and lengthy hospitalization to implant loss and even mortality. 5, 27 On the other hand, younger residents often perform this surgery as a learning experience. The impact of the choice of the surgeon on the success of intervention can only be evaluated in a prospective study.
interventions on the same patient. 11 Unfortunately, such collaborations are still rare in Germany. The impact on the wound-healing process can also only be evaluated by means of a prospective survey. 21 Intense debate surrounds the choice of the most suitable material for each patient. There is reasonable assurance that reimplantation of the patient's bone flap leads to aseptic bone necrosis in up to 25% of cases and may necessitate replacement with an alloplastic material. Many other studies have also investigated the impact of bone flap storage, as well as the impact of the length of time until reimplantation. 15, 20, 31 Due to the high costs of bone banks, in Italy for example, there is a trend toward the almost exclusive use of alloplastic materials. 24 Although some German hospitals are now following this trend, legal assessment of this approach is still pending.
The manufacturers of appropriate materials emphasize their excellent compatibility, high cosmetic properties, and simple use. 17, 23 Due to the lack of good prospective studies and the low number of patients (5-20 each year) who receive alloplastic materials, decisions for or against a certain material are based on subjective empirical or economic reasons. However, this manner of decision making is no longer acceptable given the high costs of each cranioplasty and led to the foundation of the German and UK Cranial Reconstruction Registry in 2014. 10 The aim is to gain valid data about each cranioplasty.
This study-the first prospective, randomized multicenter study conducted in Germany-of 2 common materials was planned back in 2009. The materials compared are porous hydroxyapatite [HA] (CustomBone [Finceramica] ) and titanium (DMD Dortmund). Both manufacturers produce implants on the basis of individual CT data sets and a virtual computer-aided design construction process. 6, 24 A randomized multicenter study was favored in order to gain data from a higher number of patients in a shorter time period.
methods hypothesis
The primary objective was to compare local implantassociated infections and/or systemic infections in both study arms within the first 6 months after implantation. An infection rate of 15% 25 was assumed for titanium in comparison with 2% for HA. 8 Further secondary objectives included 1) comparison of the rate of reoperation with and without explantation; 2) comparison of the patients' neurological and clinical status; 3) comparison of surgery time, anesthesia time, complications, and CT scans; 4) comparison of health-related quality of life on the 36-Item Short Form Health Survey (SF-36) after cranioplasty; 5) comparison of modified Glasgow Outcome Scale (mGOS) score, 18 Karnofsky Performance Scale (KPS) score, and overall impression; 6) group comparisons based on the cosmetic results, duration of hospital stay, and treatment costs; and 7) comparison of temperature sensitivity (heating and cooling) at 6 months after implantation.
It was hoped that the study (clinical trial registration no. NCT00923793 [clinicaltrials.gov]) would indicate the types of cases for which each material is better suited, as well as the risks and benefits that may arise as a result of cranioplasty.
materials

Titanium
Due to its excellent biocompatibility, fitting accuracy, and stability, pure titanium has been used in Germany to make implants for cranioplasty for more than 10 years. Every implant is custom-made preoperatively based on CT data. Titanium implants are delivered nonsterile and need to be cleaned and sterilized. After cleaning, steam sterilization has to be performed at 134°C for at least 4 minutes. 6 
CustomBone
CustomBone implants are sterilized using gamma radiation (2.5 Mrad). They are designed only for individual use. The biomimetic approach is followed by the use of HA, which makes up 70% of human bone. The special feature of the CustomBone implant made of synthetic HA is the computer-aided design/manufacturing process based on a CT data set of the patient. This material is intended to support bone regeneration, colonize osteogenic cells, be aesthetically precise, and show behaviors similar to that of natural bone material at 12 weeks postoperatively. Moreover, the implant is designed to provide highly accurate geometry and fit. The required biological interaction has already been confirmed in animal studies. The implants can be stored at room temperature.
participation in the study
Inclusion Criteria
The following inclusion criteria were used in this study: 1) cranial defect with no possibility of replacement with the patient's own bone flap; 2) defect size ≥ 16 cm 2 ; 3) age > 18 years; and 4) written declaration of consent.
Exclusion Criteria
The following exclusion criteria were used in this study: 1) active tumor; 2) American Society of Anesthesiologists Class IV (anesthesiology classification for narcosis); 3) allergic disposition to ceramics or titanium; 4) concomitant participation in other clinical trials; 5) pregnant or nursing women; 6) expected low compliance; 7) HIV-positive diagnosis; and 8) active drug abuse.
course of the study
At 6 to 8 weeks before surgery, the patient was enrolled in the study, underwent a clinical examination, provided informed consent, randomization was performed, bone that was 1-mm thick on 3D cranial computed tomography (CCT) was confirmed, and the implant was ordered. Preoperative status was evaluated 1 to 2 days before surgery using clinical and neurological examinations (including Glasgow Coma Scale [GCS], mGOS, and KPS scores), local defects were assessed, patients were excluded due to wound infection, laboratory parameters were assessed, and the SF-36 questionnaire was administered. Intraop-erative status was evaluated according to the implantation procedure, duration of surgery and anesthesia, and complications/adverse events (AEs). Postoperative status was evaluated in terms of the complications/AE/significant AEs (SAEs), CCT findings, and implant fit. Discharge occurred at about 4 to 8 days postoperatively, and the patient was evaluated using clinical and neurological examination (including GCS, mGOS, and KPS scores) and complications/AE/SAE, duration of hospital stay, cosmetic results, and scarring were assessed. At 1 month postoperatively, clinical and neurological examination (including GCS, mGOS, and KPS scores) and assessments of complications/AEs/SAEs, duration of hospital stay, cosmetic results, scarring, temperature sensitivity, and SF-36 were performed. At 6 months postoperatively, clinical and neurological examination (including GCS, mGOS, and KPS scores) and assessments of complications/AE/SAEs, duration of hospital stay, cosmetic results, scarring, temperature sensitivity, and SF-36 were performed.
Approval was obtained from the local ethics committee for this intention-to-treat study. The manufacturers Finceramica and Codman & Shurtleff Inc. shared the funding equally.
statistical analysis
Sample size and power calculations were based on a comparison of the postoperative infection rates when Fisher's exact test was used. A randomization ratio of 1:1 and sample size of 77 patients per arm would ensure a significance level of 5% and a power of 80% to test the null hypothesis of 15% postoperative infections in both treatment arms against the alternative of a 13% lower rate of infections when HA implants 25 were used. Estimations of power with respect to the major secondary end points of reoperation and explantation are based on literature references, which report 10% to 13% for the former and 8% for the latter when titanium implants were used 8 in comparison with 0.5% for both reoperation and explantation for HA. 25 For a sample size of 77 patients per arm, this results in an expected power of 70% for these end points. Because of the framework requirements of the study's performance, the aim was to include 150 patients over a total period of 2 to 3 years.
To generate the random allocation sequence, the dynamic Pocock minimization algorithm was used. The stratification characteristics were the size of the defect (≤ 100 cm 2 vs > 100 cm 2 ) and the capacity of the patient to give consent or not, which were weighted differently.
recruitment
Although the original plan was to have 6 to 8 clinical centers participate in the study for statistical reasons, only 3 clinics signed up as study partners. One problem was the comprehensive recruitment of all potential patients, and another problem was the obvious favoring of one cranioplasty material over the other by individual clinics. Accordingly, recruitment ceased in January 2013, and the last follow-up evaluation took place in early August 2013. Statistical analysis, randomization, and support during the study were carried out by the Clinical Trial Centre Leipzig, an independent institute.
results
A total of 53 patients were included in the study, although 1 patient dropped out following randomization after opting for the other material for subjective reasons. Descriptive information about the patients at the start of the study is contained in Table 1 .
In greater than 90% of the patients, cranioplasty for hemispherical or frontotemporal defects was performed. Only 5 patients (2 in the HA group and 3 in the titanium group) showed a bifrontal skull defect. One patient died of pulmonary embolism between joining the study and undergoing surgery, and another broke off contact before cranioplasty. Altogether 50 patients (26 patients in the HA group and 24 patients in the titanium group) were analyzed regarding the primary and secondary objectives.
primary objective
The occurrence of local, implant-associated wound infection within 6 months after operation affected 2 of 26 (7.7%) patients in the HA group and 5 of 24 (20.8%) patients in the titanium group (Fisher's exact test, p = 0.407). All of these patients also underwent a reoperation. Four of 24 patients in the titanium group suffered solely systemic infection, which was not related to the implant, in comparison with none in the HA group (Fisher's exact test, p = 0.107). Considering local and systemic infection together, the HA group had 2 of 26 (7.7%) patients in comparison with 9 of 24 (37.5%) patients in the titanium group (Fisher's exact test, p = 0.031), which is a significant result (Table 2) . During follow-up, 2 patients in the HA group and 6 patients in the titanium group underwent additional antibiotic treatment (Fisher's exact test, p = 0.238).
secondary objectives
Comparison of the Rate of Reoperations With and Without Explantation
In both groups, 7 patients had to undergo reoperation during the 6-month follow-up (26.9% in the HA group and 29.2% in the titanium group; Fisher's exact test, p = 1.0).
The reasons for reoperation in the HA group were infection (n = 2) and epidural hematoma with mass effect (n = 3; 1 patient was immediately reoperated on because of a newly detected cerebellar angioma with cerebellar and epidural hematoma). In 2 patients, small epidural hematomas were associated with the presence of a shunt system, and reoperation stopped the shunt function. In the titanium group, 5 patients underwent reoperation because of infection and 2 patients because of other cancer diseases.
Reoperation with explantation proved necessary in 3 patients in each group (11.5% in the HA group and 12.5% in the titanium group; Fisher's exact test, p = 1.0). In the HA group, the reasons were 2 cases of infection and 1 epidural hematoma; in the titanium group, all 3 patients underwent reoperation because of infection.
Comparison of the Patients' Pre-and Postoperative Neurological and Clinical Status
The numbers of patients with neurological disorders were relatively high in both groups (Table 1) . Postoperatively and in the follow-up period, the numbers of patients were nearly similar in both groups, and after 6 months 90.5% of the patients in the HA group and 80% in the titanium group suffered neurological disorders (chi-square test, p = 0.406).
The numbers of patients with internal diseases were also relatively high in both groups (Table 1) . Postoperatively and in the follow-up period, the numbers of patients with internal diseases did not change (chi-square test: p = 1.0).
The change in neurological outcome was also measured and compared between both groups before and after implantation ( Table 3) .
Comparison of Surgery Time, Anesthesia Time, Intraoperative Complications, and CT Scan
Intraoperative parameters such as surgery time, anesthesia time, and intraoperative events, as well as postoperative CT scan results and quality analysis, are listed in Table 4 . The main findings are the significantly shorter operation time in the titanium group versus the HA group, the significantly improved evaluation of CT scans in the HA group, and the significantly higher number of epidural hematomas in the HA group in comparison with the titanium group.
Comparison of the Health-Related Quality of Life After Cranioplasty
The SF-36 questionnaire was used to evaluate the patients' subjective quality of life. Response rates were relatively high, with nearly 80% at the beginning, nearly 70% at 1 month postoperatively, and 60% at 6 months postoperatively.
The questionnaire consisted of 8 sets of physical and mental tests. No significant changes were measured by any of them, with the exception of the total psychological score (Mann-Whitney U-test, p = 0.035; OR -9.4; 95% CI -17.9 to -0.41) in favor of titanium. Moreover, in the first section (patient's assessment of the change in health), only 58% of the patients in the titanium group felt the same or better in comparison with 1 year beforehand, whereas in the HA group 79% felt the same or better in comparison with 1 year beforehand. At 1 month postoperatively, the difference decreased (81.8% in the HA group vs 73.7% in the titanium group), and after 6 months there was no difference between the 2 groups (94.1% in the HA group vs 94.1% in the titanium group). Patients in both groups were more satisfied at the end of the study than at the beginning, a greater increase in satisfaction being noted in the titanium group.
Comparison of mGOS and KPS Scores and Overall Impression
The mGOS defines 5 groups. Table 5 shows a slight nonsignificant improvement over time, but no significant differences between groups. With an mGOS score of 5, 1 patient from the titanium group died before implantation was started (pulmonary embolism). One patient died after implantation because of an unidentified angioma with fatal hematoma, and a second patient died postoperatively of an unidentified middle and posterior cerebral artery infarction. In the long-term follow-up, one patient died of newly detected lung cancer and another of the consequences of sepsis. The KPS score was nearly the same in both groups preoperatively (68.5% ± 22.2% in the HA group vs 74.6% ± 25.5% in the titanium group). The values were unchanged upon discharge and at the 1-month follow-up and had clearly improved by the 6-month follow-up (75% ± 23.9% vs 78% ± 25.6%), with the difference between the groups being insignificant.
The overall impression of the implant procedure and the follow-up was measured using 4 subjective criteria (very good, good, satisfactory, and unsatisfactory). The criteria had to be rated by the doctor and the patient independently. The results are not surprising, with the patients' overall impression of the implantation and the follow-up being slightly more pessimistic than those of the doctor. No significant differences were found between the 2 groups at the different study times (more than 90% of the patients always had a positive impression in both groups).
Group Comparison Based on the Cosmetic Results, Hospital Stays, and Treatment Costs
Upon discharge, wound control revealed signs of skin irritation without consequences in 5 patients (20%) in the HA group. After the 1-month and 6-month follow-ups, no differences were observed between the 2 groups (normal condition of the wound or scar).
On average, each patient was kept in the ICU postoperatively for nearly 24 hours to undergo monitoring. Patients in the HA group spent an average of 10.3 days in the hospital versus 9.7 days for the titanium group (Mann-Whitney test, p = 0.355). No specific medications were administered to the titanium or HA group (with the exception of second-generation cephalosporin antibiotics for 5 days in the HA group). Accordingly, the hospital costs ought to be nearly the same for both groups.
In this study, it took 10.5 weeks from randomization to implantation in the titanium group and 15 weeks in the HA group (median values), and therefore there was a sig- nificant difference of 4.5 weeks between the 2 groups. According to this parameter, patients in the titanium group participated in the study for 18 weeks before follow-up stopped in comparison with 22 weeks for the HA group (median).
Comparison of Temperature Sensitivity (Heating and Cooling) at 6 Months After Implantation
Temperature sensitivity was reported by 4 patients in the HA group and 3 patients in the titanium group. It was impossible to differentiate between the scar and the implant itself. However, temperature sensitivity was not permanent and never posed a serious problem for the patients.
Adverse Events
All in all, 46 AEs were measured in 27 patients (54%): 13 in the HA group (50%) and 14 in the titanium group (58%). There was no significant difference between the 2 groups. Thirty-eight AEs had a possible causal relationship to implantation. Of the total of 46 AEs, 36 patients recovered completely, 5 patients have not recovered or have sequelae, and 5 patients died. Altogether, 14 SAEs (excluding explantation) were noted (4 patients in the HA group and 3 patients in the titanium group; no significant difference).
Subgroup Analysis
The operation time for implants smaller than 100 cm 2 in both groups was shorter than for implants > 100 cm 2 . Only 1 patient with an implant < 100 cm 2 lost the implant compared with 5 patients with implants > 100 cm 2 . No significant difference was found between HA and titanium in this subgroup analysis, with the exception of 3 cases of epidural hematomas in the HA group and none in the titanium group.
discussion
The aim of this study was to perform a randomized prospective comparison of 2 established cranioplasty materials. Titanium is valued for its stability and biocompatibility, is available in different thicknesses, and can easily be fitted with screws. However, titanium also has disadvantages, such as problems with artifacts on postoperative imaging and the lack of reintegration into the surrounding bone. 29 Therefore, a leading biocement-HA (CustomBone)-was selected for comparison. Both materials are adapted to the patient's bone defect on the basis of CT data in order to ensure excellent cosmetic accuracy. Furthermore, HA is osteoconductive and, due to its micro-and macroporosity, its osteointegration has been demonstrated over time in animal experiments as well as single clinical trials. The material shows good compatibility with MRI and CT scanning. Its main disadvantage is the risk of fracture during and immediately after surgery. 24 Infection rates of 1.77% have been reported retrospectively in connection with HA in 2887 implants. 25 In contrast, for custom-made titanium, infection rates of at least 13% to 16% for smaller defects 8 and a marked increase for larger defects have been described. 28 Therefore, the main aim of the study was to compare the infection rates in both groups.
Comparing the infection rates of local implant-associated wound infection in the first 6 months after operation, the rate of 7.7% in the HA group was clearly lower than 37.5% in the titanium group, but without substantial statistical significance. An influence on the rate of reoperation can be assumed since all of those patients underwent reoperation. This outcome might be associated with the prophylactic postoperative antibiotic treatment for 5 days in the HA group demanded by the manufacturer (secondgeneration cephalosporin). In the titanium group, antibiotic treatment was only used in the case of infection.
The number of solely systemic infections was also higher in the titanium group, but again without substantial statistical significance. Considering local and systemic infections together, there is a significant benefit in the HA group (Fisher's exact test, p = 0.031) ( Table 2 ). Due to the lack of significance in the subgroup with local infections, the missing follow-up data for some patients and the potential impact of prophylactic antibiotic treatment in the HA group should be carefully interpreted. Nevertheless, considering the infection rates, there is an advantage for HA. The number of infections observed in the titanium group approximately corresponds to the rate for large defects described in the literature. 12 Our study mainly included patients with large defects: the average size of the implants was 126.2 cm 2 in the titanium group. On the other hand, the complication rate in our study was about 4 times higher in comparison with the retrospective data for patients with porous HA (CustomBone). The patients included were mainly seriously injured (onethird had a caregiver) with large defects (116.9 cm 2 ), over 80% showed neurological deficits, and 65% had preexisting internal diseases. In this study, all infections were documented at the time of occurrence, which cannot be expected from a retrospective postmarketing study. 25 However, infection was not the only complication parameter. Minor and major complications were observed in 54% of all patients and as many as 58% in the titanium group. Since this is the first comprehensive prospective trial, the rates observed approximately match those described in the literature for titanium and HA.
Hill et al. described a retrospective complication rate of 31.5% for titanium, 8 while Piedra et al. 16 reported a complication rate of 35% in smaller defects with bone reconstruction. The reasons for the dramatic differences between the rates observed in the HA group in comparison with the literature have been mentioned previously. 25 Ultimately, complications occur in 1 of 2 cases. Two questions with a vital bearing on everyday life are the reoperation rate and the risk of implant loss, especially in patient information. For the HA group, according to retrospective studies, a 1% to 2% rate of reoperation and explantation in < 1% of cases was indicated. 25 In this prospective study, 26.9% of patients in the HA group needed reoperation (n = 7) and 11.5% (n = 3) needed an explantation (i.e., 1 in 4 patients had to undergo reoperation). In all 3 cases of reoperation, the backup implant was successfully placed. Frassanito et al. reported on a number of children who were younger than 7 years of age with HA. They had a comparable reoperation rate of 20.8% with implant removal. 7 There was no significant difference with the titanium group, which had 7 cases of reoperation (29.2%) and 3 cases of explantation. In 2006, Eufinger et al. showed a comparable reoperation rate of 21% and secondary implant removal rate in 8.4% for titanium. 6 The main reasons for explantation were wound dehiscence with infections in 5 of 6 cases and a single case of infected epidural hematoma. Hill et al. and Mukherjee et al. also reported comparable reoperation rates. 8, 12 Among the reasons for the reoperations in 7 patients in each group, wound dehiscence with infection dominated in the titanium group. The question of postoperative antibiosis may have to be considered, as well when using titanium implants for large defects.
Furthermore, 2 cases of wound infections among the remaining 7 patients were observed in the HA group. In 2 patients, the inserted ventriculoperitoneal shunt systems had to be stopped because of overdrainage syndrome, while the reason for the other 3 reoperations was a spaceoccupying epidural hematoma. Since an HA prosthesis requires extensive preparation of the edge of the dura, the dura is mobilized. This leads to changes in the ratios of CSF and local pressure compared with that before initial shunt insertion. 16 Accordingly, simultaneous placement of a ventriculoperitoneal shunt system and cranioplasty should be avoided. If a ventriculoperitoneal shunt system is already in place, the patient is preoperatively informed about the risk, and, if possible, adjustable valves are used. 13 Epidural hematomas evidently occurred frequently in the HA group, and 3 patients needed to undergo reoperation for this purpose. The postoperative CT examination revealed epidural hematomas in 9 cases compared with 2 cases in the titanium group. There is borderline significance according to the chi-square test (p = 0.079). One reason for the frequently occurring epidural hematomas may be the small number of predefined holes for dura sutures. According to the manufacturer, more predefined holes could increase the risk of fracture of the implant, although the surgeon may decide to take that risk. It remains to be seen whether this decision can reduce the risk of epidural hematomas. The assessment of the region below the implant is significantly easier in the HA group (chi-square test, p < 0.001), which was also radiologically confirmed. This should be kept in mind for patients who require frequent follow-up imaging, such as oncology patients. 6 Surgical duration was significantly longer in the HA group (Mann-Whitney test, p = 0.024), on average 23 minutes longer than in the titanium group. The additional time corresponds to the time needed for the detailed preparation of the edge of the dura and fixation with sutures in the HA group in comparison with fixation with screws in the titanium group. 11 This additional time could perhaps be shortened by the use of absorbable CranioFix, although it is not officially approved. The duration of anesthesia was not significantly longer, requiring on average an additional 11 minutes in the HA group (Mann-Whitney test, p = 0.289). The higher occurrence of dura leaks with CSF in the titanium group is probably related to the faster preparation.
Patients with titanium implants and those with HA implants (CustomBone) spent about 24 hours in the ICU postoperatively and another 10 days in the hospital; there were no significant differences, and so the effort and expenditure for the hospital are about the same. Manufacturing of the implant took about 4 weeks during the study, although this has since been reduced to 2 to 3 weeks.
clinical symptoms and neurology
The level of preexisting internal diseases and neurological deficits were comparable in both groups at the beginning of the study (internal diseases in > 80% and neurological deficits in > 63% of patients) and did not change significantly during the study. The only conclusion to be drawn from this is that many severely ill patients participated in the study. This is confirmed by the KPS score, which was on average 70% in both groups at the beginning of the study (including patients with scores of 20% or 30%). The improvement in KPS score at the end of the study (average 77%) indicates the positive effect of implant treatment on patients, with no significant differences between the 2 groups. Throughout the study, no significant changes in GCS score were measured. 2, 26, 27 A more sensitive instrument that was used was the mGOS (an mGOS score of 1 is good). Essentially, patients switched between mGOS Score 1 and mGOS Score 3 during the study with slight emphasis on mGOS score of 1 at the end. There was no evidence of a significant change, although the 5 patients who died were excluded. Moreover, most of the retrospective studies described no significant changes in GOS scores for the patients. Only Chibbaro et al. 4 reported an improvement of 92% postoperatively in a small prospective study in 2013.
An internally developed evaluation system was used to compare current neurology with preoperative status and defined 3 options: improved, unchanged, or worse. The majority of patients experienced no change in their neurological deficits during the study. Nine patients (43%) showed an improvement with fewer neurological deficits in the HA group compared with 5 patients in the titanium group (26.3%). Statistical significance was not demonstrated (chi-square test, p = 0.709). The reasons for the positive trend observed might be the extensive preparation with mobilization of the dura, changes in local pressure, and the influences of osteointegration. To clarify this, more patients need to be examined. The positive trend should not be overrated with regard to patient rehabilitation since a positive trend could also mean only minimally improved paresis or an increased flow of speech. Otherwise, a prospective study by Paredes et al. 14 showed a comparable improvement in 40% of patients with smaller skull defects.
subjective evaluation of implantation
The SF-36 survey was used for this study. This questionnaire, which consisted of 8 sets of criteria for physical and mental assessment, was completed before the intervention as well as at the 1-and 6-month follow-ups. Patients with caregivers were excluded from this evaluation. The assumption that the application of porous HA, which is "closer to real bone" than titanium, has a psychological impact on the rating was not borne out since there were no significant differences between the 2 groups in 11 of the 12 sets of criteria. The total psychological score even indicated a significant advantage for titanium (Mann-Whitney U-test, p = 0.035). There is much evidence that both materials are well accepted by patients. Accordingly, 6 months after intervention, patient satisfaction had significantly improved in both groups in comparison with the preoperative survey (HA group: 79% to 94.1%; titanium group: 58% to 94.1%). Staffa et al. 23 reported nearly 100% patient satisfaction with the HA prosthesis, while with regard to titanium Eufinger et al. 6 showed that 90% of patients would agree to undergo the operation again.
Patients and physicians were asked about their overall impressions as a subjective additional criterion in the follow-up. Since this criterion did not change during the surveys, it was not rated as helpful when assessing treatment.
The accuracy of fit and cosmetic results were rated as very good in both groups, thus contributing to the high level of patient satisfaction with the implant and surgery. Discrete skin irritations at 1 month after surgery were noticeable but were not significant in 20% of the patients in the HA group. The most likely reason is the more extensive preparation of the periosteum and subcutaneous tissue.
temperature sensitivity
Temperature sensitivity in connection with titanium has been noted in previous articles in up to 50% of cases. In both groups, 4 patients reported increased temperature sensitivity (average 16%). However, these indications were related to the wound or scar from the operation, and titanium cannot be assumed to be genuinely disadvantageous in this respect. 6 In the titanium group, patients also reported a kind of "gurgle" in the first few months.
error analysis
This intention-to-treat study was assisted by the Center for Clinical Trials with regard to the planning, compilation of the data in a database, and statistical analysis. To ensure the high quality of data acquisition, this study was carried out by the study director. Data acquisition and analysis were performed entirely independent of the funding companies. The initial objective of 150 planned patients could not be achieved due to low recruitment at the study centers. After only 53 patients were recruited in 4 years, the decision was made to stop recruitment due to the poor prospect of meeting the objective of 150 patients in a reasonable period of time. This explains the low statistical significance of data analysis, with trends only being observed for higher local infection rates and antibiotic use in the titanium group, as well as improved neurological outcome in the HA group. Therefore, this study is regarded as a preliminary study for future, more detailed investigations.
conclusions
There were high complication rates of about 50% in both groups. In comparison with retrospective studies, the infection rate was substantially lower in the HA group than in the titanium group. Additionally, the neurological outcome in the HA group was inclined to be better. A disadvantage was the significantly greater number of extradural hematomas in the HA group than in the titanium group. In particular, combination with a shunt system needs to be considered as a risk. A high level of acceptance for both materials was observed among all patients. The study emphasizes that cranioplasty is a high-risk intervention.
We recommend HA implants (CustomBone) for younger patients due to osteointegration, patients at higher risk of infection, and patients who require frequent follow-up imaging. Titanium or other alloplastic materials are better suited in connection with highly sunken defects, epilepsy, existing shunt systems, extensive bifrontal defects, and possibly skull base defects.
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